We investigated perpendicular magnetic anisotropy (PMA) and related properties of 
MgAl2O4 is considered a promising alternative barrier material to MgO for magnetic tunnel junctions (MTJs) due to its tunable lattice constant 1, 2) and the Δ1 band preferential transport due to the coherent tunneling effect. [3] [4] [5] [6] Especially, a large tunnel magnetoresistance (TMR) ratio 2, 7) and improved bias dependence of the TMR ratio 1, 8) have been reported in MgAl2O4-based MTJs. In addition to such TMR properties, interfaceinduced perpendicular magnetic anisotropy (PMA) at an MgAl2O4 interface is a crucial property for applications of perpendicularly magnetized MTJs (p-MTJs). The utilization of perpendicularly magnetized films with a large PMA energy can substantially improve thermal stability of p-MTJs to ensure long data retention for next-generation high-density non-volatile magnetic memories such as spin-transfer-torque magnetoresistive random access memory (STT-MRAM) and magnetoelectric-RAM. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Fe/MgAl2O4 and Fe/MgO was clearly interpreted through the second perturbation theory with the orbital resolved densities of states. Therefore, further improvement in the PMA energy of ultrathin-Fe/MgAl2O4(001) interfaces, i.e., observation of the intrinsically large PMA, is expected if a clean interface is obtained by suppressing atomic intermixing and over-oxidation through process optimization. In addition, related magnetic properties of the PMA heterostructures such as magnetic damping and temperature dependence of PMA properties were evaluated: The former determines the switching speed and the current density for MRAM operations, and the latter guarantees the device operation temperature range of p-MTJs. 24, 25) In this study, we investigated magnetic properties of ultrathin-Fe/MgAl2O4 structures fabricated using an electron-beam (EB) evaporation technique to achieve large interface . 20) We also found that the PMA energy and saturation magnetization (Ms) were not very sensitive to measurement temperature. The effective damping constant was also evaluated to be ~0.02
by time-resolved magneto-optical Kerr effect (TR-MOKE) under high magnetic fields. The largest PMA energy density is obtained for Fe (0.7 nm)/MgAl2O4 (3 nm) with annealing temperature of 400°C. The M-H loops of this sample is shown in Fig. 2 (a) , where the effective PMA energy density, i.e., that uniform oxidation of a metal layer is not easy, which tends to cause over-oxidation or under-oxidation at the bottom-side barrier interface depending on the oxidation condition.
By varying the MgAl2O4 thickness and post-annealing temperature, interface conditions, such as the degree of oxidation, can be tuned. 19) Figure 2 (b) shows Keff as a function of the post-annealing temperature for tMAO = 2 and 3 nm. The samples with tMAO = 3 nm show larger PMA energy density than those with tMAO = 2 nm at all post-annealing temperatures, which may be related to possible variation of oxygen amount near the Fe/MgAl2O4 interface by increasing the MgAl2O4 thickness. Moreover, the PMA retains even at 500°C for tMAO = 3 nm, suggesting that the PMA of ultrathin-Fe/MgAl2O4 is robust enough to endure hightemperature heat treatments during industrial manufacturing. 27) In addition to the magnitude of Keff, weak temperature dependence of Keff is also favorable for practical use of PMA heterostructures. To evaluate the temperature dependence of Keff, the M-H loops of Fe (0.7 nm)/MgAl2O4 (3 nm) were investigated at different measurement temperatures between 300 K (RT) and 100 K, as shown in Fig. 3 ),
where Ms(0) is Ms at 0 K, T is the absolute temperature, and Tc is the Curie temperature. The temperature dependence of Ms is plotted in Fig. 3 (b) with the fitting curve using Eq. (1). 
where Ki, 2πMs 2 , and Kv are the interface, shape, and volume anisotropy energy densities, respectively. Here, we assumed Kv = 0 for simplicity, and Ki = tFe(Keff + 2πMs 2 ) was plotted as a function of T in Fig. 3 (c) . The difference in Ki between 100 and 300 K (~2.0 mJ/m 2 at 100 K, ~1.7 mJ/m 2 at 300 K) appears to be small, compared to that of CoFeB/MgO (~1.9 mJ/m 2 at 100 K, ~1.45 mJ/m 2 at 300 K), 33) which may be attributed to the high Tc of the Fe layer. Moreover, we fit the Ki by a power law of Ms(T):
where the Ki(0) is Ki at 0 K. The exponent γ = 1.91 ± 0.24 obtained by fitting is close to the values reported in CoFeB/MgO (~2.18 and ~2.16). 33, 34) It is worth noting that according to the Callen-Callen law for uniaxial anisotropy, the exponent γ = 3 is expected; i.e.
, K(T)/K(0)
= (Ms(T)/Ms(0)) 3 , where K is the anisotropy energy. 35) A reduced exponent was theoretically predicted in the presence of large spin-orbit coupling (SOC) materials that contribute to the PMA, [36] [37] [38] [39] and consistent with experiment results in FePt 40) . However, further systematic investigation is required by talking into consideration of Kv and higher order anisotropy for better understanding.
We also evaluated the damping constant (eff) of the ultrathin Fe layer using TR-MOKE method. Figure 4 (a) shows the oscillatory magnetization precessional signals of the Fe (0.7 nm)/MgAl2O4 (3 nm) sample with varying μ0H. eff is determined by fitting the TR-MOKE signal with a phenomenological fitting function:
where f corresponds to the precessional resonance frequency, = 
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